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Abstract 

Background: Human T-cell leukemia ulmi type 1 (HTLV-l) cauws aflull T-cell leukemia (AIL). TreaTmerT options 
are limiled and propJ^yiacClc agents aie riot available. We liave prftriousfy demcinslrated an es^ntlal role for 
OtEB-rcgulalirtg FrariBCrlptional coairtivatori (CRTCs) In HTLV-I iranscnprlcin 

Results: In ihi? ^[udy we repoiT on l^e negariue regulalory role of LKBl lumor suppiressor and sall-lnduclble kinases 
<£i(K5) m the aiitivation q{ HTLV-I long Terminal repeats (LTR) by the orKOproteln Tai< Acilvarlon of LKBl and 5)Ks 
^ectluely hlunled Taj aciiwTy in a phosphoi^latlon-dependeni manner, whereas compromising these kinases, hur 
no[ ANIP-depenflent protein kinases, augmented Tair function Acrlvaed LKBl and SIKs associated wi[h Ian and 
suppressed Tax-Induced LTP activation by counTeracTlng OfTts and CREB. Enforced exprenion o{ LKBl or SIKl In 
cells Iransfected wild HTLV-I molecular cbne pXIMT repressed proulral transcrlpllon. On tlie contrary, depielion of 
LKBl In p^lNVT-translecied cells and In HTLV-1 -transformed T cells buos[ed the expression of Tax Treatment of 
HTLV-I Transformed cells with metformin led lo LKBI/51KI actlvaliori, reduction In Tat expression, and inhibition of 
cell proliferation 

Conclusions: Our findings revealed a new fiinclion of LKBl and SiKs as negative reguiaTors of HTLV-1 transcription. 
PharmaceutiLal activation of LKBl and 5)Ks might be consklered as a newstraregy in anti-HTLV-l and anti-ATL 
therapy. 

Keywords: Adult T-cell ieukemlan Human T-cel! leukemia virus type 1, LKBl Tumor suppressor, Galt-lnduclhle kinases, 
Meirormin, Tax oncDproTeln 



Badiground 

HTLV-1 ■u-'QS the first human retrovirus shovjn lo be the 
etiological of adult T'Cell leukemia (ATL). Over 20 
iTuUlon people are irifecled wllh HTLV'i worldwide. 
ATL 15 a highly aggressive and fetal malignancy of CD4' T 
lymphocytes thai develops in 2-5% of earners, usually 
after more than 20 yeais of HTLV l latency [1.2]. Al- 
though it Is a slow and mulUfaclorlal process, progression 
of ATL lightly correlales with high HTLV'I proviral load 
[3]. Treatments for ATL are unspecific and unsatisfactory. 
Once devtloptd, ATL is minimally treatable. In addition. 
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prophylactic ^ents that can prevent the developmenn of 
ATL in carriers of HTLV'L remain lo be Identified [2]. 

Expression of HTLV'I pro^lrus is transcripdonally 
mediated through the viral tr;uisactivator 'Tax, which po- 
lently stimLilates the acCL%lCy of long terminal repean 
(LTR) by aitivaling the cellular transcription fector CAEB 
and coactivators such as CREB'binding protein {CBP) and 
CREB'regulating transcnplional coacHivaEors (CRTCs), also 
known as trar\sducers of regulated CRLB activity {TOMC&J 
[4'9]. We ha%'e previously characterized the essential roles 
of Tax, CREB and CPTCs in this process [7,10,11]. Particu' 
latly, we ha%'e demonstrated the requiremeni of CKTCs in 
I^acnvation of the LTR [7]. 

In addition to a viral LTR, a batler>' of celliJar genei 
can also be activated by Tax primarily through CREB 
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and NF- kB. Tax is a major vird oncoprntein th^l pljys s 
cnicial rale in the Lnidadon ofm^gnant tran&rormallan 
[12], Tu also cooperates widi odier viral oncoproteim sunh 
as HBZ in later phases of leukemogeiiesls [13]. It has been 
generally accepted that activation of both CRHb and NF'kB 
by Tax l£ required for (iill'blown tranffomiation [12], 

Consistent with Tax playic^ an essendal role In both 
viral transcription and oncogenesis, counteracting Tax 
fimcdon or eUniinating Tait'Cxpressii^ cells has shown 
anH'HTLV'l and anti-ATL effects [14.15]. Thus, we 
pothesi7ed that IdentiGcaUon of protein kinases that 
regulate TaK m^t reveal new strategies for disease pre- 
vention and intervention using small-molecule agonists 
and antagonists of such kinases. In seai'ching for these 
kinases, we noticed that CRTCs are regulated by iip' 
stream kinases such as LKBl, AMP-actiuated protein ki' 
nases (AMPKs) and salt-uidudble kuiases (SIKs) [16-18]. 
LKBl IS a tumor suppressor inactivated in l^eutz-Jeghers 
syndrome, a rare autosomal dommant disorder charac- 
tenzed by gastrointestinal polyps and a higher risk of 
malignancy [19]. LKBl phosphorylates and activates 
AMPKs and AAlPK-related kinases, which m turn phos- 
phorylate CRTCZ at Sl7l, leading to Its association with 
proteins and sequestration in the cytoplasm [16]. 
Al such, AMPKs and SlKs are major kinases that regu- 
late CRTCs [1S,20|. However, the roles of LKBl, AMPKs 
and SlKs ui Tax-mediated transcriptional activation re- 
main elusive. 

In this study, we Investigated the regulatory roles of 
LKBl, AMPKs and SIKs in Tax acthration of the HTLV-1 
LTR, We demonstrated LKBl and SIKs to be negative reg- 
ulators of HTLV-L transcription. Our work suggests anew 
model in which LOl and SIKs suppress Tax-mediated 
LTR activation by targeting CRTCs and CRIB. Our find- 
ings also Implicate the utihty of small-molecule agonists 
of LKBl and SJKs manti-HTLV-1 and anti-ATL therapy. 

Results 

LKBl Inhibits Tax acthraliDn of LTR In a kfndse-dvpendenl 
manner 

Pour hnes of analysis prompted us to investigate the role 
of LKBl in HTLV-I transcription. First, chromosomal 
rearrangements at I9pl3.3, where LKBL is located, have 
been reported in some ATL cells [21]. Second, It will be 
of interest to see whether LKBl Is another repressor of 
HTLV-1 replication like p53 and p30", which play a role 
in viral persistence and transfbrmauon 122,23]. ITurd, 
small-molecule agonists of LKBl have been extensively 
tested as targeted therapeutics [19]. Finally, Tax-dependent 
transcriptional activation is parucularly robust in LKHL- 
nuU HeLa cells. 

To detemnne whether LKBL might inhibit Tax activity, 
we coexpressed LKBl and Tax in HeLa cells (Figure lA). 
The expression of Tax was driven by a CMV promoter 



and the level of Tax protein remained unchanged when 
the dose of LKBL was escalated {Figure lA, lane 3 com- 
pared to 4-6). In the presence of Tax, LKBl effectively 
abolished LTR-driven luci/erase reporter expression even 
at the lowest dose (Figure IB, lane 2 compared to 4-6). 
Sunilar results were also obtained with LKBE-K48R 
(Figure IB, lanes 7-10), a dominant acti^^e mutant [2A]. 
On the contrary, two kinase -dead mutants [25,26], 
LKB1-D194A and LKBi-K7Sl. had no uitluence on Tax 
activation of LTP (Figure IB, lanes Ll-L4and 15-ia). 

LKBl negatively regulates CREB-mediated transcrip- 
tion through AMPK- and SlK-dependent uihibitory 
phosphorylation of CRTCs [27,28], which are also essen- 
tial coactivators of Tax [7]. VC'e therefore further ashed 
whedier LKBl might exert any effects on CKTCl 
coactivation of Tax. VtTien we coexpressed LKBl and 
CPTCl in HeLa cells (Figure IC inset), ^e found that 
wJd-t>pe LKBl (LKBl-WT), but not its kinase-defective 
mutant LKBl-DLy4A, abrogated LTR activation either 
by CKTCl alone (Figure IC, lanes 1-4 compared to 5-8 
or 9-12) or by CPTCl and Tax (Figure IC, lanes L3-16 
compared to 17-20 or 2L-24). To verify the suppressive 
effect of LKBl on Tax in T lymphocytes, which are the 
target cells of HTLV-1, we expressed LKBl m (urkat 
cells. We observed less pronounced activation of LTR by 
Tax in LKBL-prohcient (urkat cells compared to LKBl- 
null HeLa cells (Figure IB); however, introduction of 
exogenous LKBl resulted in hirlher inhibition of Tax. ac- 
tivation of LTR (Figure ID, lanes 1-4 compared to 5-fl). 
Hence, LKBl suppresses Tax- and CRTC-mediated acti- 
vation of HTLV-1 LTR in a kinase-dependent manner. 

SIKs Inhibit Tan dcllvdtlcin of LTR In a kinase-dependpnt 
mama 

The role of AMPKs ui phosphorylation and activation of 
CKTCs has been docuntented in worms and humans 
[2a,29]. in addition, SIKs [30], which were identified m 
the adrenal glands of rats fed with high salt diet and are 
ako phosphorylated by LKBl, are alternative upstream 
regulators of CRTCs in CREB s^alii^ [3L]. With this 
In mind, we sought to determine the role of AMPKs and 
SIKs m Tax activation of LTR. 

When we expressed £GFP-AMI'Ka2-WT and its consli- 
tutively active mutant (TL72D) in HeLa cells. Tax-mediated 
activation of LTP was unaffected (Figure 2A, lanes 4 com- 
pared to 5 and d: and lane ID compared to 11 and 12). 'Hie 
expression and activity of EG FP-AMPKa2 proteins in HeLa 
ceDs were veiified by immunoblotling. Detection of phos- 
phorylated ACC, a known substrate of AM(*K, indicated 
that the £GFP-AMPKa2 proteins expressed are calalylacally 
active (Figure 2A, right panel, lanes 10 compared to 5, 6, 11 
and 12). Because AMPKq2 is h^hly representative of ihe 
AMPK family [1% these results si^esled that AMl'K !& 
unlikely involved in Tax acuvation of LTR. 
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Ftgm 1 LKB1 njppteuB Tax^msflaled lift acDvalfaHi In a kiniwdppenderki lunivtL Etpreaici of LKBr and Te> HELa cd^ 
li^ru'EdEd ^lUi pJ£\ pCVV Tag2 LKBL or p!LX plm einnlGling umiunL] lI pO^V T,^7 LKBI CeII IysiJIeb v/Eie probed Ai[h niixi:? dr^Taii 
nxKOE anU-FlBg and niDuw arkHo-rubiilDi Td-ri^^ (Bh f^ndw Bc^iy nl USI a required lor ^pfireoiDn Td> dctivily. ceII^ ^re riaroleited 
wnh pLTK'Liic (IID ngl, i flxed arnxuil al pJEX IIIO ngl artd es(?Jdling amxinU d U£l plEsniids SO ail ICQ ng^. Protein Exp<E:^ian drulysd 
4ln^ FoLd at6^30oi\ li calciilded Itdhi pLTR-LuE acU^ rcrrmllzEd 1o llm of pEVnuQ tsulQ duEJ \uaiaasE rEpiQEnl mKin^ 'lom Uiice 
DxlEpEnd°nl Bipeifivnii arud enor tan. indtiaT? TIk dUf-EierKK belticen ^ofn 3 and Ci, aid hel^iBsn gioiqi^ 2 End IQ art ^H^ceI^ !i^~il1l[anl 
by IWD [ailed StuderifB 1 1sT |p = {L0!X}2[] for bmh) In cixi^t [here ie ra sFA^KallY ugniliEarU diHEierpiE IsfMSBi groups 2 End 14 |p ^ D34l nr 
beWcEngrDfiLJiind 1 B (p = 025J. [CJ KJnaiE-dqiendEnr suppre^aon ol OTTCI ard Tep by IJ^B I . HeLa cell^ ^rere Oarclecled Will pLTR-L'j: < I CO ngj, 
alued amainlnlptX |l X ng> pJia pO^-Tag2 I l>YT nr 0 1 9flfl! C30 t^J Erd eHdaOng anwiinli e-pissicfi piisnidL II 3. 37 and 7S rg| far 
CinCl ^TalbncalV iigrJkanl dflliienceE flie laind heftveai groupi ■! and a lp= QOIKHTI and bElween grofH 16Eflxl fflip =DJXO}i5l OJl-KHI 
■ihlhiaiiriii^LTPiriTcelliJurteliHllEMt^elranEfeilediMlhpUR-^ ngX a l&ed amour,! □< pG^G-Tai-VS (200 ng> and Ecabting arxxint Lffl 1 

plaHimd C{LICDand2lKir^ The dil^nce belwe?! gioup S and 7i>4&5-Si^ ^^olly s^iRcanl 4p i: 0IKCG4) 



We nexl eKairuned the influence of SIKl on Tax activity. 
SIKl'WTand Its constirutively active ('11820) and kinase- 
defective (K56M) mutants were (bund to be eKpressed to 
comparable levels in HeLa cells (Figure ZB inset). Hie 
SIKl'TlHZD mutani was used to iniimc die activaUon of 
SIKl by LKBl and was therefore expected to be more ac- 
tive dian SIKl'WT [27,32]. Indeed, SIKI-T1B2D com- 
pletely suppressed Tan acti%'ation of LTR {Figure ZB, lane 
13 compared to iy-21), whAe SIKl-WT displayed only 
moderate suppressive effect (F^re 2B, lane 13 compared 
to 16-lS). In contrast, SIK1-K56M even augmented Tax 
activity at the highest dose (Figure 2B, lane 13 compared 
to 22-24). 

We further eKtended our analysis to S1K2 and SUG. The 
re^wclive constitutively active {S1K2'T175D and SIKS- 



T163D} and kmase defective mutants (SIKZ-K^SM and 
SrK3'K37M) wre expressed in HeLa cells (Figure 2C, right 
panel) [27J3]. It is noteworthy diat SUG-WT as well as 
constitutively active phosphomimelic mutants of SIK2 and 
S[K3 exhibited strong suppressive effects on Tax activity 
(Figure 2C lane B compared to 10, 12 and 13). Since SIK3- 
WT did not inhibit Tax activity (Figure 2C, lane % the use 
of SlKl'Tl75D to mimic the activation by LKBl was neces- 
sary. No alteration in Tax activation of LI'R was observed 
for S1K2/3 kinase-defective mutants (Figure 2C, lane 8 
compared to 11 and 14). These results were generally con- 
sistent with the notion that iXBl phosphorylates and acti- 
vates SlKs, which in turn phosphorylate and inhibit CRTCs. 

Fo verify dns model, H-e asked whether S1K1-T1B2D 
might counteract CKTC coactivation of Tax, Indeed, 
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Ftgure 1 SIh Hjppreu Tu-medUTpd LIP idnitiark In a 
ldnue-dep?ndenl marncTL (fti lnlliJEini3> al AMP>L Hela ceII^ wi? 
Qam'Kfed iM-J-, pLTR L'j: llCOrigl a lied afnojit plE? (ICOngI 
End BBialalsig ^riQunU ol fMJ% pla^iib (2S, ^0 and 
ICOrq) Errdogenou^ p-ACC indicares A^fl*K aili^ily TwDlallBd 
SnjdEfkf^ r i"a3 p^rfnrmed IgriHjp^ 4 aid 6: p ^ D ! & ^ufii 10 
and 12: p = OJ^i} |B| Kina^E acUviIy of EJI^I is rEquirEil leu 
^i^pceuicn HeLs cdt Vtae U^ro'EclEd wilh pJ-TP-Uf: (tCO ng), a 
fixed amDunl of plEX OtO ngl pile FCMV-T^2'LHfll -m/DI 
fia n^^. End E^Hiii^dUTrg ^niDunli of SIKI pla^midE (2£, SOand IGC 

p UaluEE ivEFE [alcukled Ibr wlEded grtnjpa (13 ard 13. 
ODOOJ^ IJ and 21:003X030, 13 and 24 aCOOOKiJ fQ finasE 
adiMily ^IK2'3 fs requirEd ten siqipoeuiiHi HeLe tvEre 
UaratEdEd wiU-i p4.T]<'Lu: f I CO ng), a lied dtncujiC of plE^I (ICO ng) 
and pIWV'T^2-Eft2-WT/n7^DfK49M 130 ng) » pCMV■Tag2-^IK3■ 
lVT/Tl^l3□/K37M f30 ng) p vrfuEE iVEfE caliiiilaled lor wlHlEd 
grinipE feard ID OOffiQ-Sand 1 2: 0.01 D, 0 and li 0IXH130.8and 
II (l3S-aand \4 017\ ID) ^upprsEion of OiTC 1 ■ and Tai- 
mediEEEd LTTi acTrvdUon adr^^lBd ^IKI HeLe Vfeie 
UarufEdEd wilH pOSi'LiK (tCO ngl Eoida H'sd amauni c/plEX 
HDD ngfarri pcDHAi IM-CRTCI fIBng) or FC^W'Tag^ilKI -Tl 020 
\Si n^). The diflETEThZE bElwEsi gioup^ 4 End B Ib ilab^iially 
u'gnKiiianI (p = D0X0S4} (B iJiii^ErEliErk of acU^arEd EIKI /2/3 A 
fcied Emcnjnl of plEX (100 ngl and a flied [Dial amount \3Q itg) of 
pD-iV'TagJ-LKEI'WT. pZMV-Tag2'a<Ml 320, pCMV'Tag3^30-TI 75D. 
pCM^-T4g2-3IK3-TI 63D a ib&i indicElEd tomDInalionB were 
Iran^feclEd into l-lELa ceIJ^ p laluE^ calculalEd for SEleclEd 
group* (4 and 7.0D0fifi,4 and B 0iKO46 7 and IQ DDODIfi B and 
10:0000171 



expression of S1K1'T182D ^bLled transfrlpdonal acliV' 
Ity of CPTCl and Tax {Figure 2D. lanes 2-4 compared 
iQ d-S). implicating SIKs a^ the patenlial largets of 
LKBl In die activation of LTP by CR I Cs and Tbx. Fuc- 
diermore, we coexpressed three active SIKs In HeLa 
cells. Inlerestingly, the Lnhibilion of Tax activity wat 
more robust when SIKl i^SIK2, SIKttSIK3 or SIK1 + 
SIK2 t S1K3 H-ere expressed {Figure 2E, lanes 7, a and 10 
compared to 4-6 and 9), suggestii^ that SIKI might cO' 
operate with SIK2 and SIK3 to suppress Tax activity sub' 
sequent to their activation hy LOl. 

Depletion of LKBl or^EKs auqmeplsTdx actlvdtiDP of LTH 

Above we have shown that the kinase'dead mutants of 
LKJSl and SIKs either have no Lnfluence on, or they eu' 
hance Tax activation of LTP in the LKBL'njII HeLa 
cells. Our results implied that loss of LKiM or SIK ac' 
livLty could de'repress the Inhibition of Tax activity. 
Complementary to these gaiU' of' function analyses, 
here we further investigated the physiological import- 
ance of LKBl and SIKs in lax activation of LTR by 
compromising LKBl and SIKs In HEKzy^T cells with 

LKBl was abundandy expressed in H£K2y3T cells and 
the two mdependent siRNAs directed against LKBl 
(siLKBl'l and silKBl-2) efficlendy depleted its niRNA 
and protein expression {Figure 3A, lane 1 compared to 
2 and 3), Correspondingly, Tax-mediated LTR activation 
was substantially potentiated In LKBl^depleted cellb 
(Figure 3b, lane 4 compared to 5 and 6). Likewise, Che 
effectiveness of two independent siRNAs targeting each 
of the SIKs in depleting their corresponding mRiSA was 
validated (Figure 3C) and the potentiation of Tax activity 
was also observed in Individual SlK'Compromised cells 
(Figure 3D, lane 8 compared to ^-14). Thus, endoge- 
nous LKBl and SIKs are physiological repressors of Tax 
function, 

AisoclBtiDTi of Tu wilh LKB1 and SIKs 

For LKBl and SIKs to exert their Influence on Tax, they 
should form a protein complex with Tax inside the celL 
To test this, we performed colmmunoprecipitation as- 
says in HEK293T cells, 

A protem complex of Tax and LKBl was detected m 
cells expressing both entities (Figure 4A, lane 3). This asso- 
ciation between Tax and LKBL h'as specific, as complex for- 
mation was not observed when either Tax or LKBl alone 
was expressed (Figure 4A., lanes L and 2), Interestingly, the 
association between Tax and the kinase'dead LKB1-D194A 
mutant was considerably less pronounced than that be- 
tween Tax and LKBl-VfT {Figure 4A, lane 6 compared 
to 3), Thus, might inteiact preferentially with active 
LKBl. The catalytic activity of LKBl-WT In cells was vali- 
dated by probing AMPKs phosphorylaled at TlTZ An 
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Ftgin 3 SJIprtcfaig oiLKBI ind SIHi luHlIalPi Tax KQvatim of 

LTK lA) VBnlicaliiiniif liEl UiDckdn^rti RT-qPCR hvai pBrfnrTTiBd m 
arul>7eLKB1 EndGAPDH [ran^inpr^ O^rkliUInn of niRriA 
eipm^nn Via a&WEU^d by ccanp^rallv? Cr mdlxid P^Uve LtSI 
niRriA B^prEuofk n ^<iFP-lr?ai^lec1ed cdls .vas lakEfk ee T 
EndcgEriDU^ in EiRriA-liEni^H::lEd HEK293T cdB Is dlui 
Efulysd by WslEm bloHing al 72 hr pD^I-HEra^uljan OnsET] Twn 
ind?pErLdEnr LKB 1 -l3Tg?lir>g s\R\1fi5 I^AI'B}-} Eaid ^iLKBI -Zh eC e 
ccncEnlraUork of 100 r>M tvae u»d to deplpl? eDdc^Enaia LKBL. 
sGf P .vas LOEil EE E JiEgEd A mfiUi^ ^[EliEliEallv ijgni^canl 
dllerEmm b>ieI beltVEai ^up^ I efuI 7 cr I End 3 Ip = 0O[CCO33 
□r n<XWQ7'i by Iwo lajM ^ludEnl'L 1 Le:l) COhNTirpgi^dDn ctf 
eDdogEnaiQ U£l ai^niEnlel Tax acli^dUan □! J.TR AItet 3& hn dJ 
IjicckdovkTi, pJaEmidL pLTH'Lu^ pSV-Jin: aid plEX iuefp 
cnUEfLstilEil iniD ce^ Th? dl^EfCE bEl^^^si gFoupo 4 

and S a 4 and 5 \s Ha^tuza^ EignilicEnI (p ={iJ»1^ OXED] 
Id VEfrtkadcn of EJK knockdcwin by eiRNPj. RT'ifCR Was periccmHl 
EE ifk A. p MaluEE Icr EelEcTed har^ tvEr€ cakiialEd |l and 4. 0IXH12D. 
I arvd 7 ODOaiJlErvJ 1 1. ODQOZ?; 2 End 14:00(043, 3 aid IP 
0D0D0[i46; ? aid 21 00X121 iP) CowiuEgulEliDT □/ Individual 
endc^EnoLiE ^IK «igrrpEn[Ed Tax xJ\w\C/. Ji"o IndEpendEnl eiRJ^Ai 
El E 4:Dnc«i rial ion of ICO weie UEEd lo d?plElE EndagoiiuE 
GIKe In HEKSJT nelb. eiGFP ntoe UEsd ee e negaliv^ cnnUnL Aha 
36 hii of Incckdotvn, |S3EmidE pLTR-Liic, p^'RUj; End |SEX weii? 
cnUEiLstilEd iniD eeIIe CdE v/eie iiawe-Heti 36 Iue eIift Uie Eeccid 
□Era'Bclian ^lalDUcdly EignifiiiEnl dilcfEncEE bkIeI IsltvEal ^up 
SEOidEacJiaf^upE 9-14 |p =D027. pi: 11001, p » CKBIL p » ODDfi I , 
p = 00334 End p = 0037, reEpBcTi^^ly} 



elevalian of phosphO'AAIPK wa? dewcled in cells evp red- 
ing LKBl'VCT, but not LKISI'D194A {F^uie 4A, lane 2 
and 3 compared to 5 and b). Nolably, expres&Lun of Tax 
did nol further enhance phosphoiylatLon of AMPK by 
LKBL (Figure 4A, lane 3 compared to lane 2). Consislent 
widi ihis, an lu vtlro kinase asBay with reconibmanl GST' 
LKBL and Tax proteins indicated lhat the addition 
of Tax did not significantly aSeiX the kinase activity of 
LKBL on AMI'K [Additional file 1: Figure SL, lane 3-5 
compared to lane 2). In addition to HEK293T cells, HTLV- 
L'transformed T cells H'ere also examined for the inter- 
action between LKBl and Tax. LKBl was found in ihe pro- 
tein complex preapitated with anti-Tax from MT7, MT4 
and Cdl66 cells (Figure 4B, lanes 2-4 compared to 1). litis 
indicated an association of Tax mtb endogenous LKBl in 
these HTLV-l'Oansfonned cells. 

Likewise, a protein complex of Tax and SIKl was also 
observed in cells expressing Tax and SIKl'^T, but not in 
cells expressing Tax and SIK'K56M, the Idnase-dead mu- 
tant (Figure 4C, lanes 2 and 4). Again, lax seemingly pre- 
ferred active over inactive SIKl. Additionally, lax was also 
found in a protein complex pulled da^i^Ti from cell lysates 
with GST'SIK2 or GST-SIKi protein bound to glutathione 
beads (Figure 4D, lanes 2 and i compared to 1). Hence, 
Tax preferentially associates with active LKBl and SIK^ 

LKB1 Inhibition of Tax Is mediated through SIKs, CRTCs 
end CREB 

Although we have shown that LKBl and SLKs interacted 
with Tax and inhibited its function, the order of events in 
the signaling cascade remains to be characterized. Here, 
we took ad^'antage of various dominant inactive mutants 
and siRNAs to dissect the LKBl-SIKs-CRTCs-CREB cas- 
cade in Tax activation of LTR. 

CKTCs and CHFB are essential activators of the HTLV-l 
LTR and they are regulated by LKBl and SIKs (Figures IC 
and 2D) [7,27]. To formally address whether the suppres- 
sive effect of LKBl was mediated through CRTCs and 
CREB, weexaminedi^'hedierandhowGaiatrCl'Ml and 
A'CREB might affect the potentiation of Ta.\ activity in 
LKBl 'depleted cells. 

GalCRTCl'Ml is a truncated mutant of CRl'Cl fused to 
a Gal4 D^JA'blnding domain and it displayed a potent 
CRTCl 'interfering activity [17]. A'CREB is a domuiant in- 
active form of CEEB, which has been widely used [34]. 
Upon expression of GalCETCl'Ml or A-CREB, l!ie aug- 
mentation of Tax activity ascribed to LKBl depletion wu 
dankpened or abrogated (Figure 5A). Although we cannot 
exclude other possibilities, these results were generally con- 
sistent with the notion that LKBl requires intact CKTCs 
and CREB to fulfill its negative regulatory role on Tax. 

This result immediately raised a question as to ivhelher 
SIKs are the inlernkediale kinases that relay LKBl s^nals to 
CRTCs to regulate Ll'K activation by Tax, To address this. 
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lAI AiKKialon iMlh UEI in HEK233TcSg CE]lln%erE] UanSefled i^Hh 
eqiremnn pti^mid^ pt^-TagZ-UIl ftVTfl)194A) and pC4G-Ta.-V5 
LKBI inDnurLcpr«ip4lalBd V/\tii anli^ldg TIie pimplalQ weig 
arulyiEd WhTbiii blollirg wilh Enli-f lag and arkU-IaA rs[Si:lT^rElv 
TYe mpin tf'B'm 48fe al» DTDnurdilDlleil brlXBI^Td; eoiiE a- 
nixJIn. CeiEiaiDn of phmpho-AMPK-TI 7? 1p 4WPK'TI72J and InH 
ATJPKn? Inifcaleil [he kin^ kIm^ of LKBI (Bj /iaaiiiQlKin 
HkdnQBiai^LKBI m T islk Ji^l, MT2, MT4 and CB [65 
lywd and inDnuncfiiB^plalB] 'milh anIi-Tax Th? preci|Slal« tvEre 
DTI munob laded vtilh anfrLtSI and an1i-Td> A tjn^eqxHUE Ibng 
ei^J Ih? btrl Eal^D pcesnled THe Bipul I>?hI« wae 
analyzEd rnrLKBI and p-acUrL (O A^HHialKirk kvitH ElM. HB^^ ixlb 
tvBE trarufBnBd wilh B-piE^cn pla^midi pCM^-TdgZ^EIKI ^WF/KSfiUJ 
and pCiy5-Ta.-VS ilKl Wa^ nnmunopeoplaltd wllli anll-f lag ThE 
prajpHals WEre an^psi by ^^m~i blnHing with anH'Flag and 
arrii-Ta:( The irpul lysaTei Vt^rE al3apmb?d EVI, Te> and a-lul>Jri 
<Dh AsHKLaliDii wnh UOard£Jh3 HEIQ93T cdls imip Qai^lalEd imlh 
equEB^rnn pb^mid^ Ic pfBG i^ecUi (vL pfBG-EK2 12, pBG-EIKE 
and pCiy5-Ta.'VS GST'SltQ/B pulled daiwi by glJalhlDn? 
Sepfanee 4a The pUI-dcr^n feclEn «a3 arflly^Ed WeilEm 
bicflirg wi[li anli-G? and an1i-Ta:i^ The in(nil ly^CEi i/hbi? al« pmted 
ht "SU/l. Tax and a-IUlxin 



AMPK and SIK mRNAs were successfully depleted widi 
slRNAs (Figures 5B and 5C). Consistent with our earlier re' 
suits, LKBl efieclively abolished Tax aclivatiijn of LTH 
(Fie^eSD, lane 3 compared to 2). Depletion of SlKl, SIK2 
□r SIK5 individually rescued iXBl 'dependent suppression 
partially (tigure 5D, lane 3 nonipared to 5—10), vriierejs 



knockdown of AMPKol and AMPKo? with one siRNA, 
which targets a conserved region of both isoJorms, did 
not cause a significant chai^ (Figure 5D. lanes 4 compared 
to 3). hJotibly, when we depleted all three SIKs simultan' 
eously, liie LKBl 'mediated suppression was completely re' 
stored (Hgure 5D, lane LI compared to 2 and 3). In keeping 
ivilh our earlier results (r^ure IE), this further corrobo' 
rates the notion that SIKs cooperate with each other to me' 
diate the inhibitory eSect of LKUL on 'las: activity. 

C[fTC2 is targeted by SIKs and phosphorylation of 
CKTCs at conserved serine residues has been suggested 
as a mechamsni of that targeting [27,35|. Takuig advan- 
t^e of an unphosphorylatable CRTCL'SI67A, we asked 
whether the uihibitory activity of SIKs on L'l'R activation 
nught be mediated through CRTCl phosphorylation at 
Sl67. The eiiperinient was done in the absence of 1^ 
since CRTC1-S167A is a constitutively active mutant 
that mimics the effect of Tan. Consistent i*1th previous 
findit^ ]6]. CRTCl'OT ejJubited modest basal aciiuity 
on L'l'K activation {Figure 3£, lane 1 compared to 2-4), 
whereas L'l'R activation by CRTCl'Sl67A was more 
robust [Figure 5E, lane 13 compared to 14—16). In the 
presence of dominant active SIK2'T175D or SIK3'Tl&3D, 
the CRTCi'induced LTI^ activity was completely blunted 
(F^ure 5£, lanes 3-S and 9-E2 compared to 1-4). In 
contrast, substantial activation of LTR by CRTC1-S167A 
was seen ui die presence of SIK2' 11750 or Slk3'Tl&3D 
(F^e 5E. lanes ia-20 and 22-24 compared to 14-16). 
suggestir^ that SIKs might transmit their inhibitory sig- 
nal partially through phosphorylation of CRTCl at Sl67. 
On the other hand, mild suppression of CRTCl 'S167A 
activity by S1K2'175D and Slk3'Tl63D implicated that 
SIK2 and SIK3 could also regulate CRTCl rfirough an 
Sl67 phosphorylation-mdependent mechanism. Neverthe- 
less, our collective results suggested that LKBl operate! 
d\rough SIKs, CKTCs and CkEB to effect its suppression 
on 1^ activity. 

LKBI and SiK1 suppress provlral transcriptiDn in 
KRV-1 -infected cells 

Above we have characterized the role of LKBI and SIKs 
in suppressing Tax activity in LKBl'defioent HeLa cells 
and LKBl'proficlent HEK293T cells. To invest^te whether 
LKBl and SIKI might exert a direct suppressi%¥ effect on 
HTLV-1 proviral transcription and replication, we tranS' 
lectedHeLa and HEK293T cells with an HTLV l infectious 
done termed pXlMT pXlMT has previously been 
shown to direct the expression of viral antigens, produce 
infectious virus, and immortalize primary TceDs [36,37]. At 
72 hr post'transfection, proviral transcription was moni- 
tored by real-time PT'KZR aasay. Consistently, the expres- 
sion of proviral transcnpts for Tax, Cag, Pol, £nv and XIl 
f[om pXlMT was significantly repressed in the presence of 
LKBl-WT and to a lesser extent by the SIK1-T1B2D 
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Hum 5 PEquliemFin □■ SHi, OfTCi artd Oia in Utfll 'in«Hdtp d luppre&ilan of HILIZ-I LT1L(Aj Cnrr'ni i>nil»ig CRTC 1 and OIEB 
d«n[»rrHl LTP aclMiy In Lffll dqilered cbIIs IfEl depJered HEK293T neOi. ab sloiwn in f igurs iA, wsre colran^Bcled wUh pS^mldB pLTTHuc, 
pEV^HLuq pCX.pM1-CF!TC1 aid pA-CHEfi. ' £ind IHe dirfaenii? belvjBEnlh? Iwd groups 1^ ^lalutEally ^ignl^canl by two l£iiled Slud?nl's 1 l«l 
1p ={i£!2Ddnd p= QIH1L4) Dl V^nflcadnn AMPK kjicckikihNTi in HeIj ebIIe RTqPCR pErfarnvd To andlY^E AMPK and GAPDH Uanuupt^ 
The dilei^ncG benvwn bsrs 1 and 3 or 2 and 4 Is ^EaliHlHallv ^igniltanl |p = □ 0^36 di OIU 1 B}. IQ Venhcalnn ol 5IK binikdDvtTi In HELa ixlh. 
p VEhjGS olrialrvd rnrEElEiilEd bais^l and 4. ODlKH^? and S OIKM^ 3 andd QIHKin) (□) EndagEnDia GIKe inHELa ixIbEm reqiirsd For 
LKB I ' mEdmlHl LTR ^upi^es^iDn. ^PKe and S\Ks mts tsig^ed by IndEp^ndenl sTRNAe al a mncEnlradin of lOH nM s'BFF vas icEd a^ a 
iiEgaQvp CHirrul A/Iei hr^ of luaddcwnv plBmid^ ptTP-Lu;, p5V-RLuc plE' aid pCW-Tag2-lKfll -WT i"^e corrafli^ecled inio cpIIi CElb 
WEm liEOVEHled 3li his ahej I^ie »:ixrd Uanstu'Dn. ^laUsUcuQy ^IgnlllEanl diFlErEncEE bueI betwai giDup 3 and Edi±i af groupi ^-1 1 (p 4^es 
0a4}.0aaa^2. l>X!i7, OOOUa, niXa2},QSa}a dtidOnniTl, i/nhEreaE Ihe diKEFEnc? telVteen groups 3 and 4 was aiElgnilkanl (p=-0-735i- 
PhjEpharylaled CRTC 1 ie mquipd Idr LTR siqipiesElon. HeIj ceBi were iran^EdEd ^Hh pLTR-Uc mpcrlEr (100 r^L a fir^d armiuil □( 
Tag?-EIK2-T17^ (I DO n^^ ar Tag2-Vh3'TT biD { 1 1K] ng>, andocaladng amihinlE □'CFIEC1 pidsmd {IB. 37 and 75 ng) CellE wei? haruEEtEd 36 hrE 
aFwr Irandeclnn. The diFlErEncE telweei groups 16 and 2D or lb and 74 li EtaliElkaiiy slgnrfliianl |p >= □lX0S4 □< OJIDDIBI 
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dcuniiiani: active mut^t (Figures 6A and &B), wherKi^ 
LKflt'Dl<>4A. or ihe SIKl-k&6M dominant inactive niuLint 
did nol [if&ct the expression of proviral tnmscnpQ 
(Figures 6A and 6Bi). This indicated that the kinase acdiaty 
of both LKBL and SIXI is critical lor repression of proviral 
transcription. 

On the other hand, the amounts of proviral transcripts 
were also esammed in LKBl-depleted HEKl^iT cells. 
The effectiveness of LKBL depletion by two independent 
siRNAa was verified {Figure feC, lanes 3 and 4 compared to 
I and 2). Consistent nith aforementioned results {Figure 3), 
knockdown of endogenous LKfil ui infected cells ^ug- 
menlHl proviral transcription (Figures 6D and 6£), mdicat' 
ing a physiological suppressive role of LKBl on HTLV'l 
gene expression during viral infection. 

\>/hile pXlMT'transfected cells provide a model for 
acute HTLV-1 infection, HTLV l-transfornied T cells 
are physiologically more relevant to chrome infection. We 
found that LKBi and SIKl/2/3 Vntre expressed in HTLV-L- 
transformed M.T2. MT4 and Cai66 cells (Figures 7A). 
Although It was technically more challengmg to tranS' 
feet siRNAs into MT4 and Qil66 cells, we managed to 
suppress the expression of endogenous LRbl ui these cells 
wth siLKBl'l usir^a new transfection reagent (Figures 7B 
and 7Cj. We hirther showed a significant enhancement 
of Tax expression in LKfil 'Compromised MT^ and Q1166 
cells {Figures 7fi'7£). As such, a 2.4- to 10.4'lold eleva- 
tion of the relative levels of 1^ transcnpl or protein 
-WIS observed when LKUl expression was knocked down 
(rigures7EV-7E). Collectively, our results supported a phys' 
lologLcal role of LKfil ui suppressir^ proviral transcription 
in HTLV'L- infected ceUs. 

Anti-hfTLV-l end antiproliferative effect of metformin 

Our observations that LKbL and SIks negatively regulate 
HTLV'l transcription provide the foundation for rational 
design and development of molecularly targeted anti' 
HTLV-1 and anti-ATL drugs. As the first step towards this 
end, we tested a pharmaceutical activator of LKfil and 
SIKs, metfonmn. As one of the most commonly used 
antidiabetic drugs, metfornun is known to exert Its thera- 
peutic eflects by activating LKfil and AMPKs [3fl39]. 

We first venfied the activation of LKBL-SIKs axis in oil' 
tured cells treated with metformin. Indeed, incubation of 
HEK293T cells with increasing amounts of metformm 
caused a progressive increase in the levels of both 
phospho'LKfil-S42S and phospho-SIKl-TlB2 (Figure BA, 
lane 3 and 4 compared lo 2), mdicative of the activation of 
LKBL and SIKs by metformin. Ectopic expression of LKfil 
alone also enhanced SIKL'TL^^ phosphorylation (Figure BA, 
lane I compared to 2). 

Treatment of three lines of HTLV-1 -transformed cells 
(MT2, ■MT4 and C8166) with increasmg doses of metfor- 
min resulted in a progressive reduction m the levels of Tax 



prtitein (Figure Bfi, lanes 2-4 compared Co 1, lanes Ei-S 
compared to 5, and lanes lU-12 compared to f). Likewise 
treatment of MT4 cells with 2-deoxyglucose {2-DG) also 
reduced steady-state protein levels of 1^ (Figure EC, 
lanes 3-5 compared to 1). Previously, 2-DG has been 
shown to stimolate phosphorylation of LKfil at both S307 
and S42fi, leadmg to enhanced activity [39]. To verify 
that the reduction in Tax expression was attributed to 
transctiptional repression of LTR in the proviral genome 
of HTLV-l-transfbrmed cells, we also measured the 
amounts of Tax transcript Treatment with three different 
doses of metformin diminished the levels of Tax niENAin 
MT2, MT4 and Cei66 cells at two different time points 
(F^ures SOSG). Furthermore, measurement of reverse 
transcriptase activity associated with live HTLV-L vinis 
indicated that treatment ivith metformin suppiessed In a 
dose-dependent manner the production of cell-free HTLV- 
1 virions released to the culture supernatant of MT2 cells 
(Figure HH). These data consistently supported a repressive 
effect of metformin on HTLV-1 transcription and viral 
protein expression. 

Because HTLV-1 and its Tax protein are thought to 
drive T cell proliferation and transformation [1,12], we 
believed It would be of uiterest to see whether and how 
Inhibition of HTLV-1 transcription and Tax expression by 
metformin might affect cell proliferatioiL Indeed, treat- 
ment of HTLV-l tiansformed Mr4, MT2 and Cai&6 cells 
ivith metformin effectively reduced cell proliferation in a 
dose- and time-dependent manner (Figures Si and Bj). in 
contrast, the proliferation of HTLV-1 -negative ]urkat ceDs 
ivas not signi^cantiy affected. Importandy, depletion of 
LKBl in MT2 cells by slLKfil-l reversed the growth sup- 
pressive effect of metformin (Figure SK), implicating that 
metfonmn suppresses proliferation of HTLV-1 -positive 
cells through activation of LKBl. 

Discussion 

In this study we provided the first evidence that LOl 
and SIKs negatively regulate HTLV-1 gene expression. 
We first demonstrated a kinase-dependent suppression 
of Tax-mediated activation of HTLV-1 LTR by LKBl and 
SIKs (Figures 1,2,3,4). We next determined the compo- 
nents of the LKfil-mitialed signaling cascade which amp- 
lifies and transmits the inhibitory sigital to CRHfi and Tax 
plausibly throi^ sequential phosphorylation of SIKs and 
CliTCs (F^re 5). We also documented LKfil -mediated 
Inhibition of proviral gene transcription in HTLV-1 
-infected cells (Figures 6 and 7). Finally, we demonstrated 
the anti-HTLV-l and antiproliferative activity of metfor- 
min, a small- molecule agonist of LKfil and SIKs (Figure B). 
Our finding of a previously unrecc^nized link of LKBl 
and SIKs lo transcriptional control of HTLV-L reveals an- 
other level of regulation relevant to HTLV-1 pathogenesis 
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Ftgure A MadubEiim dE LKBI and SIKI IrkflueiiEa HIL1/-1 provir^ ban^criplim. |A and and ^IKI ^pfifBued prmnal tran^inpdiici 

Bi d kIrHW-ilepenilenI mann« HrtacBll^ hwre no-DaiElBclBd Mlh p>LIMT pJuL pCMrf-Tag2 (rtcTiPl LKBI (WTrtJl !J4Ah nr E*l iTLajlVKSfWl 
Cells ^oe hiaiveiled 72 hn dller [ran^lecTicL Tol^ PNA ermadEd and cDNA wa^ synrh°sizEd Seftii quanUlanvp and qudntilaOvp RT-PZR Wa^ 
pEfbrmEd Id ana\yre Mib lel^mie levtf b dI prDvlral Tax. lieg. Pol, Env, Ql dttd GAPDH Irati^cripl^ Hie drUEfEncpi faEl^en tan 1 and 2. 1 artd 4, 6 
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WBilem Hoinrq ID and B DeiilE[]on d1 EndcqEncn]^ LUfll palEnlialed HTLV-1 projiral IrariKriplion in irrtecTEd celb AltEr hrs dILKBI 
taicddiW'ri, ceIIl MterE CD-lrarelEcted iMlh pX lUT Ic* Jfi hn Cd^ ivere harvHTEd and Inlal RNfl i-gi eOrairBd fen cDNA ^tiiais SanVquarililalrjE 
and quantnadue is perfnmBd Id analys [Ke ek^pceuian piovrd TaA Pnl and Env Uai^uipQ ^ral&lroil^ sig~ii1u:an( dih^Ere^cEL e'ieI 

bethVwnrHfL 1 and 2, 1 and ]v4 and 5, 4 and & 7and B, 7 and 9. ID and II. lOaid U 13 dnd 14, 13 and 15, IQand 17 aswella^ IQaid 1B(p.^duQ. 
0JKC0L4QOaXIM7EDGO3Xmi,0Ql«OI2DmiraeB,OlKC™ OOXffllfiC^ OffiOBli, 0(XXXi™71 , OKOBi and OlKCOl^^ 



and provldef new strategies for disease prevendon and 
inlervenlioiL 

HTLV-1 Uanscnplion and repUcadon are cridcal to the 
inidatLDn and progression of ATL, Aldiough the eKact 
mechanism of Tax fiincdoii remains incompletely under' 
slood [i], transmpdonal acn^'ation from die HTLV'i L'l'R 
bears simiianties widi that driven by cellular CREs, Several 
lines of evidence in the hterature supported the role of 
LKBi'SlK cascade in the reguladon of CETC activity at 
cellular CREs. First, LKBl is a master kinase which acti' 
vate5 more than 14 AMPK-related kinases, three of which 
have been implicated in the reguladon of CREB signaling 
[16]. Second, SIKl is known to inhibit cAWP'induced 
transciipdon [40], Third, CPlCs interact with CREB and 
augment CRHL activity [41.421. Finally, SFKs phosphory- 
late CETCs and induce their cytoplasmic retention [35,43]. 
In line with this model, enforced expression of LKBl in 
LKHl 'deficient HeLa cells led to phosphorylation and acd' 
vation of SlKs, restoring nudeocytoplasmic shuttling of 



CRTCs 127]. Some of diete findings on cellular CREs are 
relevant to HTLV'ILTR. 

LKBl IS a highly effiaent suppressor of HTLV'I tran- 
scnpdoiL Expression of LKBl in HeLa celk led to an al- 
most complete shut-down of the acnuity of 1^ {Figure 1). 
In tha setting Tax expression driven by a CMV promoter 
was unaffected by LKBL Thus, the observed inhibition 
of LTR activity by LKBl was not mediated by an indirect 
effect on Tax. Our findings presented in Figures 2, 3 and 5 
are consistent with the notion that LKBl phosphorylates 
and activates SlKs, which in turn phosphorylates and inac' 
nvates CRTCs, leadir^ to liie inhibition of CREB and Tax, 
Additional loss'of'fiincnon and gain'Of-function experi- 
ments m HTLV'I'infected T cells will provide further sup- 
port to this model The S167 phosphorylation'independent 
mechanism diroi^ which SIKZ and SIK3 regulate CRTCl 
(Figure 5E) also ments further investigatiDns, Because 
CREB IS required for the transcription of other oncogenic 
viruses such as hepatms B virus [4^45], it will be of interest 
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dEiiEniinieliy and ara ffrdlcaled al [He bcmciiTi dT the [hueIb ID Eotd B Kiuckdcwi of nndogEnoiD LKBI oihoicEiITi' EifdEsu^n in l-IRV-r 
-ban^lcnvd cdb slLtSI-1 aC a cciiiEnlrdlKin nMoa Vtas idEiL Id deplelE EndcgEnojs li£l in MT4 and C31f^ celb weig h^niE^led and 
Inlfll FIN4 vas E<lracTKl (a iDNA synlhes. (iianlJlaLre PCP vas perlbuna] lo analyzE Ta- and Grt^DH DanHmpE l>e ilif UEna? belwisn Ihe 
rivagroi^iEslalQlKaiiv ^ignflcanl by IVia lallEd SludEnl^ llQ[|p= □ CQQQ5, ^114. p i: QIIOL, CBI 6Gt 



to see whethtr LKBl might regulate hepalids B virm tnm- 
gmptJon as welL 

In addition Ho LKBL, SlKs were slso found to oppress 
HTLV'l tran^rlpdon Ln this study. To our siirpn&e, 
AMPks, which are ako acli%'ated by LKBl and can regU' 
late CHTC acdvlty in other systems [2H], were not iii' 
volved in Tax activalion of LTR IFigures 2A and SD). 
This implies thai Tax recmitmenl of LKBl ^bstrates 
has specificity. The inhUiiliDn of LTIf activation H'as 
apparendy more prominent lA-hen SIKl t Slk2, SIKl * 
SIK3 or SIKl t Slk2 t S1K3 were expressed in combi- 
nation {F^iire 2E). Consistently, LTR acdvity was most 
robust when ail three SlKs were compromised (Figure 5D). 
This hincdonal redundancy and cooperativity of SIKs 
might be relevant to the regulation of HTLV't transcrip- 
tion in dlfierent ceL types and different stages of viral in- 
fecnoa In this regard, it will be of uiterest to furdier 
investigate the synei^lic actions of SIKl. SIK2 and SIK3 
in mouse models. 

The mactivation of additional tumor suppressors £iich 
83 p53 might play a role in ATL development and pities- 
sion [46]. One previous study suggested chromosomal 
reornuigemeDts at I9pl33. which harbors the LKBl 



tumor suppressor, m some ATL cells [21], Although LKBl 
and all three SIKs were expressed ui MT^ MT4 and 
C!^166 cells (Figure 7), it will still be of great interest to see 
whether genetic and epigenetic inactivadon of LKBl and 
SIKs might occur in ATL ceUs and help to further propa- 
gate Tax- [mtia ted transformation. Whereas Tax activation 
of NF'kB is thought to be important in leultemogenesis, 
CR£J! signaling is also required for sustained translbr' 
■nation [12]. Leukemogenesis is dm^n by multiple forces 
includir^ the targets of CRFB, HTLV'l transcnpdon and 
Ta:i [1,12], In this sense, uiacn^'ation of LKBl and SIKs 
m^ht promote ATL development through uncontrolled 
activadon of CREB and the H TLV-I LFIt 

Preferendal association of Tax with active LKHl and 
SIKs {F^ure 4) is consistent ivith the notion that Tax or- 
chestrates HTLV'l transcripdon by recruitmg both acti- 
vators and inhibitors. Tax plays a central role m HTLV'l 
transcription and it mterads physically with various eel' 
lular regulators of the LTR including CK TCs and CREB 
[7]. The recruitment of active LKBl and SIKs by Tax 
plausibly adapts them to CPTCs, This mighl: constitute a 
negative feedback circuit that controls the nu^mtude 
and duradon of Ll'K activation. Plausibly, the expression 
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Figure A M?lhHiiiin aclhrolei USI'Sm ax\s and &LifipiFi»E HILV-I praviial gene oqiiEulan arul cell pialifFialim. |AJ Tr^aUriEni wl[h 
medarmin Irlggpred phosphoiyliilicn n' Uil and 3IK1 ConlluenI HEKS3T celli ^ri? cpcsd Id mellormin iQ5 ird I irM t* 30 iriln) « 
deurdiBd [391 [B) Dlinlihilnn □(TaipmrEin in hfRV' 1 'lian^liKmBd cdb tr^[Ed meObiTTiliL CbUbw? ImlBd with itieiIdiitiii ^, 1Dand2l>mM> 
24hii(QEffH:lofmB[l(irTnln End 2-DG on Tax ejprMaon MT4 cell^ WEre [lEarBd iwlh rrpetfannln ( 10 mMh □* Z-DG (50, IX, 150 mWJ (ix 24 hn 
and E| Time caurw d melianrni-tnauzBi d onvnr^u laid n Tan TnFJ4A pmdmlliin Cdii i^re [realBd iWlh mafarrnln (I rrW) 'cr 24 aid 36 his. 
{^iaiilJtam? F{3< ^vas polbiniRl In EoialYZE Tax a^id GAPDH li?aisaipU I^ElalivE Tax mRNA sxprEssInn in irtack Healed cells ^as Otieii as I 
', p= IIIII3 -,p =0in4|MT4 and ^TT2h ™, p = QOODfi. IF and Gl Dae ifep!nibnce ol melkinTiin-i-dLiced dDwr^ulatHin irf Tax mHNfl prsdL^^ 
C*MrelralEd WlKmelfixTTiin<2and 5nMla24hrs.™, p = 0ai2[iTdp =00^ atd p =. DIXK03 fcrCEIM ^Hl Melfannin 

rihSnled KTLV-I mjn pmduclxrL CeBs ^ee Treated trih metlcnnin (5^ 10 dt ?Q mMX C^nighl pTxhclKin □! celHiee KILV-I firkins ms egsukI by 
neasunng revefse TranHrlpCase aclMiy rHnv^ieJ 'ram live hfTL^I vino in Ih? cullure ^jsfTBlail Mtitii a cctaimeOic aisy ljl fltchel p = OCOH 
41 ail J1 MelhnnHi d^ShIkI prdflHalinn cf KILV-I -Dan^urtod cells Cd vdillUp vts meauBd 1^ MTT meUind OQ MeUcnnin <rp?cbHd ^CNtlh 
riibnk*! G LKBI dEpendHiLLKfll ifepJeled WT2 ceb weip (realed WDi metfinnun (20 mffl fa 24 lii; Hp = OjXS, leh p = OtCG rqhL 



and activily of LKBl and SIKs in HTLV-l-infected cells 
would govern LTR aclLvaCJon in differeni biological 
contexts. 

The itrongefit Buppression of HTLV-i LTE by LKBl 
and SIKs was observed in transfected KeLa and 
H£K2g3T cells {Figures 1^,3). Mot to our siirprLse, the 
suppressive effects were moderate In T'Cell lines. 



plausibly due to low trmslecuon efficiency {Figures 6,7,3). 
Mevertheless, ojr gain'Ot function 2nd loss'of'tunction 
studies performed in pXlMT'lransfected and HTLV-l- 
traiutbrnied celli (Figures 6 and 7) consistently supported 
the notion [hat LKBl and SIKs are physiological regula- 
tors of HTLV'l transcription. Hence, pharmaceudcal acti- 
vation of LKBl and SIKs in HTLV-l-infected cells would 
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save ta counteracE KTLV'E tiamcripQan ^nd tubsfquenl: 
transfbrmaliorL Although HTLV'l leiikemogenesiB n a 
i\ow proce^, high provlrd lands are a major risk fat- 
tor Ibr divAse progression [3]. Thiu, reducing prO' 
viral loads with small'inolecLile agonists of LKfil and 
SIKs, such as metformin, might reduce the risk for 
development of ATL. 

Indeed, we demonstrated an anti-HTLV-i and an LKfll- 
dependent anti'proliferanve activity of metformin In 
HTLV-l'lransformed cells (figure B). Further Investigations 
are required to delemiine the in vivo relevance of these 
findings. Particularly, it will be inlnguing lo see wtiedwr 
metformm would CKhibit anti-HTLV'L and antiproliferative 
activity in an animal model Meltormin is one of the most 
commonly used anti'diabenc drugs. Long'term use of met- 
fbcmin IS both well tolerated and h^hly eflectiv'e in the acti' 
vanon of LKBl and do^vnstream kinases [47]. Thus, 
metformm might be iisefiil not oiJy In patients widi ATL, 
bul also in HTLV'L carriers who are at lisk for develop' 
men! of ATL In this regard, eindemiological studies would 
be performed to assess retrospectively whether the use of 
metformin in diabetic HTLV'i carriers m^l have reduced 
the risk (or development of HTLV'1'associated diseases. 

Conclusion 

Our study defines a negative regulatory role of LKBl and 
SIKs in HTLV'l transcription, which operates thi'ough 
CRTCs and CEEB. Our v^rk also provides the pioaf'Of' 
concept for the ulihty of metformin, a small'molecule 
agontst of LRBI and SIKs, In anti'HlLV'l and anti-ATL 
therapy. 

Methods 

Cell culturp and Iransfection 

HeLa and HEK293T cells were cultured In Dulbecco modi- 
Ged Eagle medium supplemented v^th 1U% fetal calf semm, 
2 mM I'glutamine and 1^ pemcillin/streptomyon at 37"C 
in a humidified atmosphere of 5% COj. Jurkat and other 
HTLV-1 'transformed T cells {MT2. MT4 and CB166) were 
maintained in I<PMII640 medium supplemented with fetal 
calf serum and pemcillin/streptomycirL 

HeLa and HEK^yaT cells were transfected using Gene- 
Juice tTMsfection reagent (NovagenJ. Jurkat and other 
HTLV-l'transformed cells were transfected using LipO' 
fectamine 2000 {Invitrogen). 

Pidsmlds dnd dntlbodjes 

Reporter plasmid pLTR'Luc and expression plasmids 
for 1^, A'CREB, CPTCl, CRTCI'SL67A, CRTCL'Mi, 
SIK2, SIK3, AMPK and AMPK-T172D have been detailed 
elsewhere [7,17,37,48]. Tax expression plasmid plEX Is 
driven by a cytomegalovirus (CMV) promoter [49]. Hie 
pCAG-TaX'V5 expression plasmid was derived from p\tX. 
LKBl cDN'AmthepCMV'T^'LKBi expression phsmid 



was derived from EST clone ]HAUp969Q)B40D. The 
pC:MV'Tag2'SIKl plasmid was derived from pWZL-SJeo- 
Myr-Hag'SNFlLK provided by Jean Zhao [50]. pCMV' 
I^gZ'S]K2 and pCMV'T^'SlKS were derived from 
p£BG'SIK2 and pEBG-SIK3, respectively [27]. 

Mutants for LKBi, AMI>Ka2 and SIKs were generated 
by Quikchange Site Directed Mut^nesis kit XL (Agilent). 
DMA sequencing confirmed that all mutations were suc- 
cessfully introduced. 'I'he HTLV'l infectious clone pXlMT 
has been described previously [36]. Metformin, 2'deoxy-D- 
glucDse (S'DG), rabbit anti'VS, mouse anti'Eag, mouse 
anti'^'actin and mouse anti-O'tubulin were obtained from 
Sigma'Aldrich, Mouse anti'V5 was from Invitrogen. 
Mouse anti-LKBl [Ley37D/G6), anti'GST and anti GFP 
were from Santa Cruz Biotechnolc^. Rabbit antibodies 
gainst phosphO'LKBl'S42S and phospho'acetyl coenzyme 
A caibD]iyiase'S79 jp'ACC) were from Cell Signaling and 
MiUipore, respectively. Mouse anti'Tax and rabbit anti- 
phospho-SIKl'Tl?(2 have been descnbed [27]. 

Heporler assays and protein analysis 

The dual laciferase assay and prolem analysis were pep 
formed as described previously [7,17|. Cells were 
harvested 36 or 48 hrs after tran^fectioiL I'ransfectLon effi' 
ciencies v^re nomialiTed to pSV'ELuc (Prome^). Three 
Independent experiments were performed and error bars 
Indicate standard deviations (SD). Differences between In- 
dicated groups were statistically analyzed by two tailed 
Student's : test 

Protein afflnlty pr«lp4tallDn 

HEK2y3T cells grown in LOO-mm petri dish were 
harvested mto 1 ml of immunopreclpitation bufier 
(20 mM TrIs-HCI, pH 7.5, 100 mM NaCI, 0.5 mM 
EDTA, 0.5^ Nl>'40, I mM didnothreitol, 20 mM 
^-glycerophosphate, I mM sodium vanadate, and 1 mM 
phenylmediyisulfonyl fluoride). Flag' LKBl /SlKl, V^-Tax 
oc GST'SIK2/SIK3 protein was precipitated from the 
cleared lysate afrer a 2'hr incubation at 4"C with mouse 
anti'Hag iMZ, Sigma), mouse anti'V5 (Invitrogen) or gluta' 
thione Sepharose 4B (CE Healthcare). Imnkunoprecipitates 
were collected with protein G agarose {Invitrogen). Protein 
complexes were lushed three times with ImmunoprecipllB' 
Uon bu£er and subsequenfiy resuspended In sample bufier 
(50 mM I ris-a, 2^H, sodium dodecyl sulfete, 5* glycerol 
1'^^ ^mercaptoedianol, and 0.002% bromophenol blue). For 
Immunoprecipltation of endogenous Tax HTLV^I trane- 
formed cells {MT2, MT4 and C8166) were harvested Ln 
1 ml of immunoprea|Htat3on buffer. Geared lysate was 
then uicubaled with mouse ann-'lax. 

HNA InlerTerence {HNAI) 

HeLa and H£K293 l cells were transfected widi 100 nM 
siRNA usmg Lipofeclamlne 2000 {Invitrogen). MT2, MT4 
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and CB166 cells were nansfected usit^ TranslT-Juikat 
tr^mtecdon reigenl (MiniB). RNAi esperiments were 
pertarmed as described [51]. biRNA sequences are listed 
in Additumal file 2; Tible Si. 

R«l-tlin« KT KR 

neal'dme RT-PCH was performed as previously described 
[57,53]. Primer sequences are listed in Addditional file 2 
Table Si. Briefly, tola! ENA vas emacted using RMAlbo 
Plus reagent (TaKaRa) and cDNA \i'aB synthesized by 
TranscripEor First Strand cDNA Synthesis Kit (Roche] 
uiing random hexaniet primers. BNA expression was 
quantified by real time PCP using SYBR* Premis £x 
Taq reagent (lyCaRa) and StepOne real-lime PCE sys' 
tern (Applied Biosystems). The normalized value in each 
sample was calculated as the relative quantity of mRNA 
dnlded by the relative quantity of GADPH transcnpL 
Qii^titalion of target mRNA expression was achieved 
With the comparative Q method. Relative expression level 
of target mRTJA was calculated from 2"^. 

Cell prolrieratiDn assay 

Cell proliferation was assayed by the 3'l4,S'dimethyl' 
thi;izol'2'yl)'2,5'diphenyl'tetrazoliuni (M'lT) method 
as described [54]. Briefly, 5 k 10* cells treated with 
10 |il of MTT solution (5 mg/ml) were measured by a 
micFoplale reader {Spectra Max 'i40. Molecular Dc' 
vices) at a reference \^'avelength of 550 nm. Cell viabil- 
ity was calculated as a percentage of the control In 
dose-response experiments, cells were treated with 10, 
20, 50 and 50 mM metformin for 24 hrs. In time- 
course analysis, cells were treated with 50 mM metfor- 
mm for the indicated durations. 

Heveru transcriptase assay 

MT'2 ceUs were seeded at 1 - 10*/ml and cultured 
overnight in the presence of escalatir^ concentrations 
□f melfbrrmn (5, 10 or 20 mM). Supernatants were col- 
lected and ultracentrJiiged for 2 hrs at 200,000>;g. 
Supernatant from cultured ]urkal cells was used as a 
rwgBLive controL Reverse transcriptase activity was 
measured using a colorunettlc method by the use of a 
reagent kit from Roche. 

In vitrei LKBl aclhrlty assay 

His-Tan, LKBl ttuneric complen and GST-AMPKoi 
(1-312) H'ere bacterlaUy eKpressed and a kinase assay 
was performed with punfled recombinant proteins as 
described [4B]. Briefly, GSr'AMPKn2 {1-512) (5 |ig) 
was incubated with Increasing amounts of HiS'Tax (1, 2 
□r i ^g) in AMPK kinase buffer [50 mM HEPES and 
0.02% BRIJ35, pK7.0) in the presence or absence of 
LKBl trimenc complex (1.5 pg). The reaction was 



performed in the presence of 10 |iM ATP at 30'C for 
15 mm. Protems were resolved by SDS'PAGE and 
detected by Western blottmg. 

Additional flies 
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